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ABSTRACT 

To assist  i n  p r e l i m i n a r y  m i s s i o n  p l a n n i n g  f o r  AAP 
h i g h  a l t i t u d e ,  manned ear th  o r b i t  f l i g h t s ,  t h e  v a r i a t i o n s  i n  
r a d i a t i o n  dose ra te  accompanying a change i n  s p a c e c r a f t  s h i e l d -  
i n g  or change i n  s p a c e c r a f t  o r b i t  a l t i t u d e  are d i s c u s s e d .  Using 
t h e  d e s c r i p t i o n  .of t h e  e l e c t r o n  f l u x  and spec t rum at  synchronous 
a l t i t u d e  ( 6 . 6 R  ) developed  b y  J .  I .  Vet te  p l u s  s e v e r a l  s i m p l i -  
f y i n g  a s sumpt i sns ,  t h e  change i n  s k i n  dose  r a t e  and b r e m s s t r a h l u n g  
dose r a t e  i s  o b t a i n e d  as a f u n c t i o n  o f  s h i e l d i n g  t h i c k n e s s  and 
h a r d n e s s  of t h e  ene rgy  spec t rum o f  t h e  t r a p p e d  e l e c t r o n s .  Based 
on an assumed s i m p l e  r e l a t i o n  between t h e  h a r d n e s s  o f  t h e  spec t rum 
and t h e  d i s t a n c e  from t h e  c e n t e r  o f  , t he  ea r th  t o  t h e  p o i n t  o f  
i n t e r e s t ,  t h e  dose ra te  i s  r e l a t ed  t o  t h e  o r b i t a l  a l t i t u d e .  

A t  synchronous a l t i t u d e  approx ima te ly  one o r d e r  o f  
magni tude r e d u c t i o n  i n  s k i n  dose ra te  i s  o b t a i n e d  f o r  each  
a d d i t i o n a l  0 . 2  gm/cm2 of s h i e l d i n g  p r o v i d e d  t o  t h e  a s t r o n a u t .  
By i n c r e a s i n g  t h e  o r b i t a l  a l t i t u d e  from 6.6R t o  7 . 1 R e ,  t h e  
b r e m s s t r a h l u n g  dose ra te  i s  dec reased  50% an2 t h e  s k i n  dose 
r a t e  ar! o r d e r  o f  magni tude.  It I s  a l s o  es t imated t h a t  a t  an 
o r b i t a l  a l t i t u d e  o f  7.4Re i n c l i n e d  30°, t h e  deep body dose 
from t h e  t r apped  e l e c t r o n s  e q u a l s  t h e  dose from g e n e r a l  g a l a c t i c  
cosmic r a y  background. 
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TECHNICAL MEMORANDUM 

I n t r o d u c t i o n  

The Apollo A p p l i c a t i o n s  Program ( A A P )  i s  c u r r e n t l y  
c o n s i d e r i n g  manned synchronous ea r th  o r b i t  m i s s i o n s  f o r  1970. 
These m i s s i o n s  have o b j e c t i v e s  s imilar  t o  t h e  f i r s t  f o u r  low 
a l t i t u d e  AAP m i s s i o n s  ( i . e . ,  long d u r a t i o n  and astronomy) b u t  
o p e r a t e  i n  a d i f f e r e n t  r a d i a t i o n  envi ronment .  Low a l t i t u d e  
ea r th  o r b i t  m i s s i o n s  o p e r a t e  g e n e r a l l y  on t h e  lower  edge o f  
t h e  i n n e r  b e l t  o f  t r a p p e d  p r o t o n s  and e l e c t r o n s ;  a synchronous 
o r b i t ,  however, p a s s e s  through t h e  o u t e r  r e g i o n s  o f  t h e  o u t e r  
zone o f  t r a p p e d  e l e c t r o n s .  To a s s i s t  i n  p r e l i m i n a r y  m i s s i o n  
p l a n n i n g  f o r  f l i g h t s  to synchronous a l t i t u d e ,  t he  v a r i a t i o n s  
i n  dose  r a t e  accompanying a small change i n  o r b i t  a l t i t u d e  or 
a change i n  s p a c e c r a f t  s h i e l d i n g  i s  d i s c u s s e d .  E s t i m a t e s  o f  
t h e  r a d i a t i o n  dose t h a t  a man r e c e i v e s  i n  t h e  r e g i o n  o f  syn- 
chronous  a l t i t u d e  have a wide d i s p e r s i o n  because  o f  l i m i t e d  
measured data  on t h e  n a t u r e  of  t h e  e l e c t r o n  f l u x  and ene rgy  
spec t rum;  however, t h r o u g h  a se r ies  o f  approx ima t ions ,  an 
es t imate  of t h e  v a r i a t i o n  i n  dose ra te  w i t h  s h i e l d i n g  t h i c k n e s s ,  
e l e c t r o n  ene rgy  spec t rum and a l t i t u d e  ( n e a r  synchronous)  i s  
o b t a i n e d .  The r e s u l t s  must be i n t e r p r e t e d  i n  l i g h t  o f  t h e  
assumpt ions  and shou ld  n o t  be c o n s i d e r e d  t o  r e p r e s e n t  a f i n a l  
d e t e r m i n a t i o n  of  the  r a d i a t i o n  haza rd .  

R a d i a t i o n  a t  Synchronous A l t i t u d e  

There are three  c o n t r i b u t i o n s  t o  t h e  r a d i a t i o n  h a z a r d  
t o  manned space  f l i g h t  a t  a l t i t u d e s  n e a r  ea r th  synchronous :  
g a l a c t i c  cosmic r a y s ,  s o l a r  p a r t i c l e  e v e n t s ,  and the  
p a r t i c l e s  t r a p p e d  i n  t h e  e a r t h ' s  magnet ic  f i e l d .  G a l a c t i c  
cosmic r a y s ,  which a re  h i g h  energy ,  r e l a t i v e l y  low f l u x  
p a r t i c l e s ,  are p a r t  o f  t h e  g e n e r a l  s p a c e  envi ronment .  The 
c o n t r i b u t i o n  of cosmic r a y s  t o  t he  r a d i a t i o n  h a z a r d  i s  approx i -  
ma te ly  c o n s t a n t  v a r y i n g  o n l y  by a f a c t o r  of  t h ree  o v e r  the  
11 y e a r  s o l a r  c y c l e .  S o l a r  e r u p t i o n s  which produce  e n e r g e t i c  
p a r t i c l e s  a l s o  vary  i n  f requency  o f  o c c u r r e n c e  o v e r  t h e  s o l a r  
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c y c l e .  The s o l a r  p a r t i c l e s ,  p r i m a r i l y  p r o t o n s  and  a l p h a  
p a r t i c l e s ,  can produce a s e r i o u s  r a d i a t i o n  h a z a r d  t o  manned 
space  f l i g h t .  Because of t he  s e v e r i t y  o f  some s o l a r  p a r t i c l e  
e v e n t s ,  t h e  amount of s p e c i a l  s h i e l d i n g  p r o t e c t i o n  r e q u i r e d  
must b e  examined s e p a r a t e l y .  

Charged p a r t i c l e s  t r a p p e d  i n  t h e  ea r th ' s  magne t i c  
f i e l d  c o n s t i t u t e  a n a t u r a l  r a d i a t i o n  h a z a r d  t o  manned s p a c e c r a f t .  
Fo r  s p a c e c r a f t  o r b i t i n g  n e a r  synchronous a l t i t u d e  ( 6 . 6  ear th  r a d i i ) ,  
t h e  p r imary  r a d i a t i o n  h a z a r d  i s  caused  by the  t r a p p e d  e l e c t r o n s ;  
t r a p p e d  p r o t o n s  because  o f  t h e i r  low f l u x  do n o t  s i g n i f i c a n t l y  
c o n t r i b u t e  t o  t h i s  h igh  a l t i t u d e  r a d i a t i o n  c l i m a t e .  The b e s t  
a v a i l a b l e  p u b l i s h e d  i n f o r m a t i o n  on the t r a p p e d  e l e c t r o n s  i s  
t h a t  deve loped  by J .  I .  V e t t e l  from an a n a l y s i s  of t h e  data 
from E x p l o r e r  6 ,  E x p l o r e r  1 2 ,  E x p l o r e r  1 4 ,  Imp A ,  OGO A and 
ERS-17 s a t e l l i t e s . *  Based  on t h e  l i m i t e d  da ta  which he examined, 
Ve t t e  d e r i v e d  an e m p i r i c a l  d e s c r i p t i o n  o f  t h e  e l e c t r o n  env i ron -  
ment a t  synchronous o r b i t  d i s t a n c e s  which i n c l u d e d  a complex 
r e l a t i o n  between the  ene rgy  spectrum, d i u r n a l  change and magnet ic  
f i e l d  v a r i a t i o n s .  Vet te  found t h a t  a good f i t  f o r  t h e  obse rved  
ene rgy  spec t rum o f  t h e  e l e c t r o n s  was o f  t h e  form exp(-E/Eo) where 
E o  i s  a p a r a m e t e r  used  t o  reduce  t h e  measured data  t o  an a n a l y t i -  
c a l  form. Expres sed  i n  energy u n i t s  E i s  a measure o f  t h e  

e n e r g e t i c  d i s t r i b u t i o n s  o f  e l e c t r o n s  i n  a g i v e n  f l u x .  When t h e  
number o f  e l e c t r o n s  w i t h  energy g r e a t e r  t h a n  E are p l o t t e d  as 
a f u n c t i o n  o f  E on semi- log pape r ,  Eo- l  i s  t h e  s l o p e  o f  t h e  l i n e .  
Large f l u x e s  o f  e l e c t r o n s  w i t h  h i g h  ene rgy  c o n t e n t  are c a l l e d  h a r d .  

0 

To examine t h e  dependence o f  ene rgy  spec t rum and 
s h i e l d i n g  t h i c k n e s s  on dose rate, s e v e r a l  s i m p l i f y i n g  assumpt ions  
t o  t h e  Vette model are made. To account  f o r  the  magne t i c  l a t i -  
t u d e  dependence on e l e c t r o n  f l u x  and spec t rum f o r  a p a r t i c u l a r  
o r b i t a l  a l t i t u d e ,  Vet te  i n c l u d e d  a term (B/Bo)  - o ' 6 2 5  where 
Bo i s  t h e  e q u a t o r i a l  va lue  of B on t h e  l i n e  o f  f o r c e  and B 
i s  t h e  l a t i t u d e  dependent  magnet ic  f i e l d . 2  By c o n s i d e r i n g  
e q u a t o r i a l  o r b i t s  on ly ,  B/B, = 1 and the l a t i t u d e  dependence 
i s  removed. U 

D i u r n a l  v a r i a t i o n s  i n  e l e c t r o n  f l u x  ( a b o u t  an o r d e r  
o f  magni tude o v e r  a 2 4  h o u r  p e r i o d )  are s e e n  i n  t h e  r e p r e s e n t a -  
t i v e  cu rves  shown i n  F i g u r e  1. T h i s  v a r i a t i o n  i n c l u d e d  i n  t he  

%The ATS-B s a t e l l i t e ,  launched  i n t o  e q u a t o r i a l  synchronous o r b i t  
o v e r  t h e  P a c i f i c  i n  Dec. 1966, has r a d i a t i o n  measur ing  i n s t r u -  
ments on b o a r d  b u t  t h i s  da ta  has n o t  been r educed  t o  u s a b l e  form. 
The e a r l i e s t  es t imates  f o r  a v a i l a b i l i t y  o f  t h i s  data i s  l a t e  
Summer 1967.  
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Vette model i s  smoothed b y  assuming a c o n s t a n t  time weighted 
ave rage  f l u x .  Because of  s o l a r  a c t i v i t y ,  t h e  e l e c t r o n  f l u x  may 
change a n o t h e r  one t o  two o r d e r s  of  magni tude.  It i s  assumed 
t h a t  t h e  t i m e  i n  o r b i t  i s  l a r g e  compared t o  t h e  f r equency  of 
s o l a r  e v e n t s  and t h e i r  r e l a x a t i o n  t i m e  s o  t h a t  an ave rage  dose 
r a t e  would b e  r e p r e s e n t a t i v e  of t h e  a c t u a l  s i t u a t i o n .  

R a d i a t i o n  E f  f e  e t  s 

The t o t a l  r a d i a t i o n  dose t ha t  an  a s t r o n a u t  r e c e i v e s  
i s  commonly d e s c r i b e d  b y  two t e rms :  s k i n  dose and deep body 
d o s e .  Sk in  dose r e s u l t s  when e n e r g e t i c  p a r t i c l e s  pass t h r o u g h  
any p r o t e c t i v e  s h i e l d i n g  around the  a s t r o n a u t ,  impact  on h i s  
s k i n ,  and t h e n  r a p i d l y  l o s e  k i n e t i c  ene rgy  o v e r  a s h o r t  
p e n e t r a t i o n  dep th  i n t o  t h e  s k i n .  R a d i a t i o n  tha t  p e n e t r a t e s  
d e e p l y  i n t o  t h e  human bocly aid i s  quits i r ; J u r i c u s  t o  t h e  I n t e r -  
n a l  o rgans  and the b l o o d  forming c e n t e r s  i s  c a l l e d  deep body 
dose .  The c u r r e n t  r a d i a t i o n  dosages which are a c c e p t a b l e  by 
M S C  for p l a n n i n g  p u r p o s e s 3  f o r  a 60 day m i s s i o n  a re :  

Dose Rate Tot a1 

S k i n  2 . 5  rem/day* 1 5 0  rem 

Deep Body 0 . 5  rem/day 30 r e m  

The t r a p p e d  e l e c t r o n s  a t  synchronous a l t i t u d e  can 
produce  b o t h  a s k i n  dose and a deep body dose o f  r a d i a t i o n  t o  
an a s t r o n a u t .  A f r a c t i o n  o f  the e l e c t r o n s  which are  i n t e r -  
c e p t e d  b y  t h e  s p a c e c r a f t  p a s s  t h r o u g h  t h e  s p a c e c r a f t  walls 
and any p r o t e c t i v e  s h i e l d  and d e p o s i t  t h e i r  ene rgy  i n  t h e  s k i n  
t i s s u e  o f  t h e  a s t r o n a u t .  The s k i n  dose r e c e i v e d  i s  dependent  
on t h e  i n c i d e n t  f l u x  of e l e c t r o n s ,  t h e i r  e n e r g y ,  and t h e  amount 
o f  s h i e l d i n g  a f f o r d e d  the a s t r o n a u t .  

A s  t h e  e n e r g e t i c  e l e c t r o n s  p a s s  t h r o u g h  t h e  wal ls  of 
t h e  s p a c e c r a f t  and any o t h e r  mater ia l ,  t h e y  rad ia te  ene rgy  
as t h e y  are  d e f l e c t e d  b y  coulomb i n t e r a c t i o n s  i n  t h e  mater ia ls .  
A p o r t i o n  o f  t h e  k i n e t i c  energy l o s t  b y  t h e  e l e c t r o n s  i n  
d e c e l e r a t i n g  i s  c o n v e r t e d  i n t o  p e n e t r a t i n g  X-rays ( b r e m s s t  rakiluilg) 
which impact  t h e  a s t r o n a u t  and g i v e  h i m  a deep body dose o f  
r a d i a t i o n .  The amount o f  b r e m s s t r a h l u n g  produced  b y  the  e l e c -  
t r o n s  i s  r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  t h i c k n e s s  o f  t h e  mater ia l  
b u t  r a t h e r  dependent  on t h e  atomic number o f  t h e  mater ia l  ( t h e  
number o f  p r o t o n s  i n  a nuc leus  and hence e f f e c t i v e n e s s  i n  
d e f l e c t i n g  t h e  i n c i d e n t  e l e c t r o n s )  and t h e  ene rgy  o f  t h e  i n c i -  
d e n t  e l e c t r o n s .  

*One rem ( r o e n t g e n  e q u i v a l e n t  man) i s  t h e  u n i t  o f  r a d i a t i o n  
t h a t  produces  t i s s u e  damage i n  man. 
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R a d i a t i o n  Dose 

Sk in  Dose 

The s k i n  dose r a t e  produced b y  the  p r i m a r y  e l e c t r o n s  
i s  g i v e n  b y  t h e  p roduc t  of  t h e  ene rgy  dependent  e l e c t r o n  f l u x  
N ( E )  i n c i d e n t  on t h e  s p a c e c r a f t ,  the  t r a n s m i s s i o n  o f  t h e  
e l e c t r o n s  T ( E , X )  t h rough  the  s p a c e c r a f t  walls o f  t h i c k n e s s  X 
and t h e  r a t e  of ene rgy  l o s s  of t h e  e l e c t r o n s  i n  t he  s k i n  z. 
Over t h e  ene rgy  range  0 .35  t o  10 Mev z i s  approx ima te ly  con- 
s t a n t .  The e x p r e s s i o n  f o r  s k i n  dose  i s  w r i t t e n  as 

dE 

dE 

dE 
d X  

t h e  e n e r g e t i c  e l e c t r o n  f l u x  i n c i d e n t  on the k i n  and dose r a t e .  
Based on c a l c u l a t i o n s  by  Berger  and  S e l t z e r , $  R .  H .  H i l b e r g  has 
d e r i v e d  an e m p i r i c a l  t r a n s m i s s i o n  f u n c t i o n  

where K i n c o r p o r a t e s  - and t h e  conve r s ion  between 

T(EX)  = e ~ p ( l . O 6 X ~ E - ~  - 29.5X 3 E - 3  ) 

T h e  e n e r g y  dependent  e l e c t r o n  f l u x  i s  g i v e n  b y  

Sub s t i t  u t  i n g  

m 

DSK = K N o  l exp (1 .06X2E-2  0 - - EEo-’)dE 

rn,- - i ~ i e  s k i n  dose r a t e  i s  t h u s  a complex f i m c t i o n  i n v o l v i n g  X, the 
2 t h i c k n e s s  of  t h e  s h i e l d i n g  i n  gm/cm , and E o ,  t h e  h a r d n e s s  o f  

t h e  i n c i d e n t  e l e c t r o n  ene rgy  spectrum. The i n t e g r a l  i s  
e v a l u a t e d  by a numer i ca l  computer program f o r  t h i c k n e s s e s  
r a n g i n g  from z e r o  t o  1 gm/cm2 as Eo i s  d e c r e a s e d  i n  d i s c r e t e  
s t e p s  from a n  i n i t i a l  va lue  of 0 . 2 1 5  M e V *  t o  0 .12  M e V .  

*Th i s  v a l u e  o f  Eo was used  b y  Vette as c h a r a c t e r i s t i c  of  t h e  

e l e c t r o n  ene rgy  spec t rum a t  synchronous e q u a t o r i a l  o r b i t .  
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To demons t r a t e  t h e  v a r i a t i o n  i n  s k i n  dose r a t e  w i t h  
X and Eo, t h e  n u m e r i c a l  r e s u l t s ,  p r e s e n t e d  i n  F i g u r e  2 ,  are 
norma l i zed  t o  z e r o  s h i e l d i n g  and an Eo  = 0.215 M e V .  

assumed t o  remain c o n s t a n t  f o r  a l l  v a l u e s  o f  Eo. 
c u r v e s  i n  F i g u r e  2 i t  can be seen t h a t  t h e  s k i n  dose ra te  
d e c r e a s e s  b y  abou t  an o r d e r  of magnitude f o r  e v e r y  i n c r e a s e  
o f  0 . 2  gm/cm2 o f  s h i e l d i n g  and t h a t  as t h e  ene rgy  spec t rum of  
t h e  e l e c t r o n s  i s  s o f t e n e d  (Eo d e c r e a s i n g ) ,  mater ia l  s h i e l d i n g  
becomes more e f f e c t i v e .  Fo r  a g iven  s h i e l d  t h i c k n e s s  o f  
1 . 0  gm/cm , a change o f  Eo f r o m  0.215 Mev t o  0 . 1 2  Mev r e s u l t s  
i n  about  th ree  o r d e r s  of magnitude r e d u c t i o n  i n  dose ra te ,  
- -1. 2 2 w r i ~ i e  t h e  dose r a t e  b e h i n d  a s h i e l d  o f  0 . 4  gm/m changes on ly  
abou t  a f a c t o r  of  40 o v e r  t h e  same range  o f  Eo. 

v a r i o u s  s p a c e c r a f t  modules i s  g iven  i n  T a b l e  I: 

No i s  
From t h e  

2 

The v a r i a t i o n  i n  r a d i a t i o n  p r o t e c t i o n  a f f o r d e d  by 

Table  I 
EVA 

MDA S-IVB ( S u i t )  LM - - - CM 

S h i e l d  Th ickness  gm/cm2 2 . 4  0 .2 "  0 . 5 5  0.75 0 . 1  

Bremss t r ah lung  Dose 

The bremsstrahlung dose r a t e ,  DB, i s  g i v e n  by  t h e  
p r o d u c t  of t h e  number of  e l e c t r o n s  wi th  ene rgy  E ,  t imes  t h e i r  
ene rgy ,  and t h e  e f f i c i e n c y  e of b r e m s s t r a h l u n g  p r o d u c t i o n  f o r  
mater ia l s  of a tomic  number Z, i n t e g r a t e d  o v e r  a l l  e l e c t r o n  
e n e r g i e s .  

Thus 
/ m  

DB = K1 j 0 e E  N ( E )  dE 

K1 - n u m e r i c a l  cons t an t  f o r  conve r s ion  t o  dose r a t e  

e =  
-E/Eo 

N = N o e  

5 

*Approximately 25% of t h e  s o l i d  a n g l e  as s e e n  by an o b s e r v e r  
i n s i d e  t h e  LM i s  s h i e l d e d  b y  0 . 1 6  t o  0 . 2 0  gm/cm2. .The o t h e r  
75% has s h i e l d i n g  approximate ly  1 gm/cm . 2 
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. 
S u b s t i t u t i n g  

-4  3 = K1 5 x 1 0  ZNo(2Eo ) 

D~ = ~ ~ 1 0 - 3  Z N ~ E ~  3 

The deep body dose  ra te  i s  t h u s  s t r o n g l y  dependent  
on Eo ,  t h e  h a r d n e s s  o f  t h e  e n e r g y  spec t rum and l i n e a r l y  depen- 
den t  on t h e  e l e c t r o n  f l u x  and the  a tomic  number o f  t h e  s h i e l d i n g  

2 mater ia l .  A d d i t i o n a l  m a t e r i a l  s h i e l d i n g  up t o  s e v e r a l  gm/cm 
will r;ot s i g n l f i c a q t l y  reduce  t h e  r a d i a t i o n  dose .  * ..< 1 1  

V a r i a t i o n  i n  R a d i a t i o n  Dose with A l t i t u d e  

The mechanism by  which p r o t o n s  and e l e c t r o n s  are 
c o n t a i n e d  i n  t h e  r e g i o n  about synchronous a l t i t u d e  i s  dependent  
on t he  s t r u c t u r e  and s t r e n g t h  of  t h e  e a r t h ' s  magne t i c  f i e l d .  
S e v e r a l  d e s c r i p t i o n s  of t h e  e a r t h ' s  magne t i c  f i e l d  i n v o l v e  
e x p a n s i o n s  of  s p h e r i c a l  harmonics ,  b u t  a more convenient  model 
i s  a n  o f f s e t  d i p o l e  r e p r e s e n t a t i o n .  A t  l a r g e  d i s t a n c e s  from 
t h e  c e n t e r  of  t h e  e a r t h ,  t h e  d i p o l e  f i e l d  would have a 

s i m p l e  R-3 dependence, b u t  i n  f a c t  t h e  f i e l d  l i n e s  a r e  d i s -  
t o r t e d  by a s o l a r  wind p r e s s u r e  t h u s  c r e a t i n g  an a n i s o t r o p y  
i n  t he  magnet ic  f i e l d .  S ince  t h e  Van A l l e n  r eg ion**  
f o r  s t a b l e  t r a p p i n g  o f  p a r t i c l e s  i s  commonly assumed t o  e x t e n d  
ou t  t o  about  8 Re,  which i m p l i e s  a r e a s o n a b l y  o r d e r e d  magnet ic  
f i e l d  i n  t h i s  r e g i o n ,  r e l a t i o n s h i p s  between t r a p p e d  p a r t i c l e  
f l u x  and f i e l d  s t r e n g t h  can b e  es t imated .  A n a l y s i s  of measure- 
ments of  p r o t o n  e n e r g i e s  a t  d i s t a n c e s  o u t  t o  s l i g h t l y  g r e a t e r  
t h a n  6 Re i n d i c a t e s  t h a t  t h e i r  ene rgy  spec t rum can be r e p r e s e n t e d  
b y  t h e  form exp(-E/Eo) and t h a t  Eo v a r i e s  as R-3. 

data r e p o r t e d  b y  Vet te  f o r  t r a p p e d  e l e c t r o n s  a l s o  a p p e a r s  t o  
show a p r o p o r t i o n a l i t y  between Eo  and R-3. Thus t h e  p ropor -  
t i o n a l i t y  between E o  and R-3 appea r s  u s e f u l  f o r  p r e l i m i n a r y  
es t imates  of e l e c t r o n  spec t rum v a r i a t i o n  ( a n d  hence dose )  w i t h  
a l t i t u d e  o v e r  small d i s t a n c e s  f o r  t he  r e g i o n  n e a r  synchronous and 
ou t  t o  about  8 R e .  

*About 20 gm/cm2 are  r e q u i r e d  t o  r educe  the  deep dose by an  o r d e r  
of magni tude .  
**Region i n  which p a r t i c l e s  e x e c u t e  mot ions  between m i r r o r  p o i n t s  
and d r i f t  comple t e ly  a round t h e  ea r th .  

The l i m i t e d  
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C - c o n s t a n t  o f  p r o p o r t i o n a l i t y  

an d 

A 10% change i n  o r b i t a l  r a d i u s  ( d R )  r e s u l t s  i n  a 
30% change i n  Eo. 
s k i n  dose r a t e  t h r o u g h  the  curves  o f  F i g u r e  2 or t o  t h e  
b r e m s s t r a h l u n g  dose ra te  through t h e  e q u a t i o n s  deve loped  
above.  

The change i n  E o  can be r e l a t e d  t o  t h e  

To  reduce  t h e  s k i n  dose r a t e  an o r d e r  of magni tude 
b e h i n d  a s p a c e c r a f t  s h i e l d i n g  t h i c k n e s s  o f  0 . 8  gm/cm2 i n  a 
r e g i o n  a t  synchronous a l t i t u d e  ( 6 . 6  R e )  i n  which Eo = 0 . 2 1 5  M e V ,  

i t  i s  n e c e s s a r y  e i t h e r  t o  i n c r e a s e  t h e  s h i e l d i n g  or t o  i n c r e a s e  
t h e  o r b i t a l  a l t i t u d e .  If i t  i s  d e s i r e d  t o  keep  t h e  o r b i t a l  
a l t i t u d e  f i x e d  a t  6 . 6  Re,  r a d i a t i o n  p r o t e c t i o n  can be i n c r e a s e d  
b y  a d d i n g  more s h i e l d i n g  t o  t h e  s p a c e c r a f t .  To d e c r e a s e  t h e  

s k i n  dose ra te  an o r d e r  of magnitude, an a d d i t i o n a l  0 . 2  gm/cm 
must b e  added. For a volume the s i z e  o f  t h e  S-IVB O r b i t a l  

Workshop, a d d i t i o n a l  s h i e l d i n g  o f  0 , 2  gm/cm2 d i s t r i b u t e d  o v e r  
t h e  exposed  s u r f a c e  area would r e s u l t  i n  an a d d i t i o n a l  weight  
o f  a b o u t  400 l b s .  S i n c e  t he  e f f i c i e n c y  of  b r e m s s t r a h l u n g  
p r o d u c t i o n  i s  p r o p o r t i o n a l  t o  t h e  a tomic  number of  t h e  s h i e l d -  
i n g  mater ia l ,  a low Z m a t e r i a l  s h o u l d  be used  as t h e  s h i e l d .  

2 

T o  accompl ish  t h e  same o r d e r  o f  magni tude r e d u c t i o n  
i n  s k i n  dose r a t e  by i n c r e a s i n g  t h e  o r b i t a l  a l t i t u d e ,  i t  i s  
n e c e s s a r y  t o  r e a c h  a r e g i o n  i n  which E = 0 . 1 7  Mev ( f m x  
F i g u r e  2 ) .  

1 7 . 1  Re (as de te rmined  from Eoa-) or an a l t i t u d e  i n c r e a s e  o f  
R3 about  1700 nm. 

0 
The o r b i t a l  a l t i t u d e  a t  which E o  = 0 . 1 7  Mev i s  

The co r re spond ing  f r a c t i o n a l  d e c r e a s e  i n  t h e  b r e m s s t r a h l u n g  
dose by t h e  d e c r e a s e  i n  Eo from 0 . 2 1 5  Mev t o  0 . 1 7  Mev i s  

- -  dDB - 0 . 4 9  
DB 
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Thus b y  i n c r e a s i n g  the o r b i t a l  a l t i t u d e . a b o u t  1 7 0 0  nm, 
t h e  r a d i a t i o n  s k i n  dose i s  reduced  an o r d e r  o f  magni tude and 
t h e  b r e m s s t r a h l u n g  deep body dose i s  r educed  about  50%.  
However, by f l y i n g  i n  an o r b i t  o t h e r  t h a n  6 . 6  Re,  t h e  synchronous 
n a t u r e  o f  t h e  o r b i t  w i t h  r e s p e c t  t o  a p o i n t  on t h e  e a r t h  i s  
l o s t ,  I n  a o r b i t  a t  7 . 1  Re t h e  o r b i t a l  p e r i o d  i s  2 . 7  h o u r s  
g r e a t e r  t h a n  the  24-hour p e r i o d  a t  6 . 6  R e .  

Long Dura t ion  Miss ion  

I n  p l a n n i n g  a long  d u r a t i o n ,  h i g h  a l t i t u d e ,  e a r t h  o r b i t  
m i s s i o n ,  i t  i s  d e s i r a b l e  t o  f l y  i n  a r e g i o n  o f  s p a c e  i n  which 
t h e  r a d i a t i o n  dose r e c e i v e d  b y  t h e  a s t r o n a u t s  i s  a minimum. 
A s  n o t e d ,  t h e  s k i n  dose can be r educed  b y  a d d i t i o n a l  s h i e l d i n g  
w r l i i e  the deep dose f r ~ m  t h e  b r e m s s t r a h l u n g  e l e c t r o n s  a n d  t h e  
g a l a c t i c  cosmic r a y s  i s  r e l a t i v e l y  i n s e n s i t i v e  t o  s h i e l d i n g .  
S i n c e  a lower  l i m i t  o f  r a d i a t i o n  dose can b e  s e t  by  t h e  r e l a t i v e l y  
c o n s t a n t  cosmic r a y  background, i t  i s  i n e f f i c i e n t  t o  t r y  t o  
r e d u c e  t h e  e l e c t r o n  b remss t r ah lung  deep dose much below t h e  
cosmic r a y  dose .  By e q u a t i n g  t h e  e x p r e s s i o n  f o r  b r e m s s t r a h l u n g  
dose r a t e  w i t h  an average  cosmic r a y  dose r a t e ,  t h e  e q u i v a l e n t  
h i g h  a l t i t u d e  t r a p p e d  r a d i a t i o n  environment  can be found.  

- -7- 

x Z N o E 3  = 1.35 x rem/hr 6 
5 

For  aluminum s h i e l d i n g  Z = 1 3  

4 
NoEo3 = 5 .5  x 1 0  

N o ,  t h e  d i f f e r e n t i a l  e l e c t r o n  f l u x ,  i s  c o n s i d e r e d  approx ima te ly  
c o n s t a n t  i n  t h e  r ad ia l  d i r e c t i o n  o v e r  small d i s t a n c e s  about  
6 .6  R b u t  d e c r e a s e s  w i t h  l a t i t u d e  due t o  t h e  l a t i t u d e  dependence 
of t h e  magnet ic  f i e l d .  The e x p r e s s i o n  i s  e v a l u a t e d  and t h e  
r e s u l t s  shown i n  T a b l e  I1 f o r  e q u a t o r i a l  o r b i t s  and 30" i n c l i -  
n a t i o n  o r b i t s .  

e 

Table  I1 

e l e  c t ron  s I n c l i n a t i o n  
No Mev cm2 s e c  

8 O 0  2 x 1 0  

30" 1.67 1 0 7  

0.065 

0 .15  
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Using the  1 / R  3 dependence t o  d e t e r m i n e  the a l t i t u d e  co r re spond-  
i n g  t o  E o  = 0.065 l e a d s  t o  an o r b i t a l  a l t i t u d e  beyond 8 Re 

and  i s  n o t  a n  a l lowed  s o l u t i o n  w i t h i n  t h e  scope  of t h e  model 
assumed. 
t h i s  o r b i t a l  a l t i t u d e ,  i n c l i n e d  30° ,  the  b r e m s s t r a h l u n g  dose  
and  t h e  g a l a c t i c  cosmic r a y  dose  are e q u a l ,  and an a s t r o n a u t  
would r e c e i v e  about  2 . 7  x rem/hr (0 .065  rem/day) which i s  
s u b s t a n t i a l l y  below t h e  0 . 5  rem/day a c c e p t a b l e  f o r  60 day mis s ion  
p l a n s .  However, i f  h i g h  a l t i t u d e  m i s s i o n s  o f  one y e a r  or more 
i n  d u r a t i o n  are t o  be  c o n s i d e r e d ,  t h e n  t h i s  low dose r a t e  may 
b e  r e q u i r e d .  

An Eo = 0.15 i s  e q u i v a l e n t  t o  a 7 . 4  Re o r b i t .  A t  

Conc lus ions  

Using t h e  d e s c r i p t i o n  of t h e  e l e c t r o n  f l u x  and 
s p e c t r u m  a t  synchronous  a l t i t u d e  ( 6 . 6  Re)  deve loped  by 

J .  I .  V e t t e  p l u s  s e v e r a l  s i m p l i f y i n g  a s sumpt ions ,  t h e  change 
i n  s k i n  dose r a t e  and bremsstrahlung dose  r a t e  i s  o b t a i n e d  
as a f u n c t i o n  of s h i e l d i n g  t h i c k n e s s  and h a r d n e s s  o f  t h e  
e l e c t r o n  ene rgy  spec t rum.  Based on an  assumed s i m p l e  r e l a t i o n  
between t h e  h a r d n e s s  o f  t h e  spec t rum and t h e  d i s t a n c e  from t h e  
c e n t e r  o f  t he  e a r t h  t o  t h e  p o i n t  o f  i n t e r e s t ,  the  dose r a t e  
i s  r e l a t e d  t o  t h e  o r b i t a l  a l t i t u d e .  

A t  synchronous  a l t i t u d e ,  a p p r o x i m a t e l y  one o r d e r  o f  
magni tude r e d u c t i o n  i n  s k i n  dose  rate i s  o b t a i n e d  f o r  e a c h  
a d d i t i o n a l  0 . 2  gm/cm2 o f  s h i e l d i n g  p r o v i d e d  t o  t h e  a s t r o n a u t .  
Material s h i e l d i n g  a f f o r d s  r e l a t i v e l y  l i t t l e  p r o t e c t i o n  a g a i n s t  
b r e m s s t r a h l u n g .  By i n c r e a s i n g  t h e  o r b i t a l  a l t i t u d e  from 6 . 6  Re 
t o  7 . 1  Re, t h e  b r e m s s t r a h l u n g  dose r a t e  i s  d e c r e a s e d  50% and 
t h e  s k i n  dose r a t e  an o r d e r  o f  magni tude.  It  i s  a l s o  e s t i m a t e d  
t h a t  a t  an o r b i t a l .  a l t i t u d e  o f  7 . 4  Re i n c l i n e d  30°, t he  deep 

body dose from t h e  t r a p p e d  e l e c t r o n s  e q u a l s  the  dose  from 
g e n e r a l  g a l a c t i c  cosmic r a y  background.  
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